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Introduction

IL-5 is produced primarily by CD4
+ T helper type 2 (Th2) cells and group 2 innate lymphoid cells (ILC2s), and is particularly important in eosinophil biology (1, 2) . We and others have reported that the majority of IL-5-producing cells in the lung or intestine of naive or IL-33-treated mice were ILC2s, and they were responsible for maintaining and regulating eosinophils (3) (4) (5) (6) . ILC2s play important roles in allergy (7) , parasitic infection (8) , antiviral immunity (9, 10) , and metabolic regulation in adipose tissues (11) (12) (13) . In most cases, IL-33 appears to play an important role. Although several characteristics of ILC2s have been investigated intensively, their behavior in the context of chronic inflammatory conditions or disease states, especially associated with IL-33, remains unclear.
IL-33 plays central roles in parasitic infection and allergic responses (14, 15) . It mediates Th2 responses by enhancing Th2 cytokines, including IL-5 and IL-13. IL-33 is produced by various types of cells such as epithelial and endothelial cells (15, 16) . IL-33 is maintained in the nucleus in a steady state and is released by necrotic cells in damaged tissue, thereby resulting in inflammation. IL-33 is therefore a proinflammatory cytokine and is likely involved in chronic inflammatory and connective tissue diseases, as well as allergies (17, 18) .
IL-33 is one of the critical cytokines that activates group 2 innate lymphoid cells (ILC2s) and mediates allergic reactions. Accumulating evidence suggests that IL-33 is also involved in the pathogenesis of several chronic inflammatory diseases. Previously, we generated an IL-5 reporter mouse and revealed that lung IL-5-producing ILC2s played essential roles in regulating eosinophil biology. In this study, we evaluated the consequences of IL-33 administration over a long period, and we observed significant expansion of ILC2s and eosinophils surrounding pulmonary arteries. Unexpectedly, pulmonary arteries showed severe occlusive hypertrophy that was ameliorated in IL-5-or eosinophil-deficient mice, but not in Rag2-deficient mice. This indicates that IL-5-producing ILC2s and eosinophils play pivotal roles in pulmonary arterial hypertrophy. Administration of a clinically used vasodilator was effective in reducing IL-33-induced hypertrophy and repressed the expansion of ILC2s and eosinophils. Taken together, these observations demonstrate a previously unrecognized mechanism in the development of pulmonary arterial hypertrophy and the causative roles of ILC2 in the process.
In this study, we administered recombinant IL-33 to mice to investigate its potential roles in chronic inflammation and revealed that IL-33 induced hypertrophy in pulmonary arteries. Interestingly, perivascular expansion of IL-5-producing ILC2s and eosinophils was evident, and a lack of IL-5 or eosinophils resulted in amelioration of hypertrophy. This study identified IL-5-producing ILC2s as new key players in the development of arterial hypertrophy, and it reports a potential animal model to investigate the pathological process of arterial hypertrophy.
Results
Long-term IL-33 treatment induced expansion of IL-5-producing ILC2s accompanied by eosinophil recruitment.
Previously, we reported that administration of IL-33 for 3 consecutive days induced a dramatic increase of IL-5-producing (Venus + ) CD3ε -ILC2s in the lungs (3). We assessed whether this was also the case for longterm administration. Il5 Figure 1E . Graph data are shown as means ± SD. P values were calculated using one-way ANOVA with Bonferroni test. Asterisks indicate statistical significance (**P < 0.01). and Il5 +/V mice ( Figure 1E and Supplemental Figure 1E ). This was completely abrogated in Il5 V/V mice. There were fewer ILC2s in Il5 V/V mice than in Il5 +/+ or Il5 +/V mice. This is possibly due to reduced inflammation caused by IL-33 in Il5 V/V mice, as eosinophilia was almost absent in these mice. IL-33 induced IL-5-dependent pulmonary arterial hypertrophy and perivascular eosinophilic inflammation. Histological analysis revealed severe discrete inflammation throughout the lung tissue in Il5 +/+ mice ( Figure  2A ). This inflammation centered around blood vessels, and arterial hypertrophy was evident ( Figure 2B ). These findings were rarely observed in Il5 V/V mice. Perivascular IL-5-producing ILC2s were observed, and a large number of eosinophils gathered around smooth muscle actin + (SMA) smooth muscle cells in Il5
IL
and Il5 +/V mice, whereas such features were completely lacking in Il5 V/V mice ( Figure 2C ). Lung ILC2s activated by IL-25 or IL-33 produce a large amount of IL-13, leading to pulmonary fibrosis (19, 20) . Consistently, long-term IL-33 administration resulted in production of IL-13, but not IL-4, from ILC2s (Supplemental Figure 2A ) and induced fibrosis (Supplemental Figure 2B ). Long-term systemic IL-33 treatment was also effective in increasing ILC2s and eosinophils significantly in the liver (Supplemental Figure 3 , A-D). Despite the expansion of those cell populations, vascular hypertrophy or severe perivascular eosinophil accumulation was not observed in the liver (Supplemental Figure 3E ). This suggests that induction of arterial hypertrophy in our system is lung specific.
The development of severe arterial hypertrophy was dependent on eosinophils, but not on T cells. Blood vessels are made up of three layers, tunica intima, tunica media, and tunica externa; these layers are primarily composed of endothelial cells, smooth muscle cells, and fibrous connective tissue, respectively. The arterial hypertrophy observed in Il5 +/+ mice arose from advanced medial thickness and hypertrophy of the intimae ( Figure 3A) . We quantitatively classified the extent of hypertrophy of blood vessels referring to the HeathEdwards classification system, which is used for human samples (21) (Supplemental Figure 4) . In this grading system, Grade 1 indicates hypertrophy of media; Grade 2, hypertrophy of intimae; Grade 3, advanced medial hypertrophy and progressive intimal proliferation; and Grade 4, plexiform lesions. Accordingly, 4% of arteries were classified as Grade 1, 27% were Grade 2, 60% were Grade 3, and 9% were intact in Il5 +/+ mice ( Figure 3B ). In contrast, in Il5 V/V mice, 24% of arteries were Grade 1, 6% were Grade 2, 6% were Grade 3, and 64% were unchanged. Grade 4 was not observed. Thus, the extent of hypertrophy of pulmonary blood vessels was greatly ameliorated in mice lacking IL-5.
Next, we employed genetically engineered mice to test the hypothesis that IL-5 production by ILC2s, not by T cells, recruited eosinophils and that these eosinophils were involved in the development of arterial hypertrophy. WT mice, Rag2-deficient mice lacking T and B lymphocytes, and eosinophil-deficient mice (ΔdblGATA) were treated with 3 weekly injections of IL-33, and their lungs were examined histologically. Severe arterial remodeling, such as advanced medial hypertrophy and intimal proliferation, was observed in Rag2-deficient mice, as well as in the IL-33-treated WT mice ( Figure 3 , C and D). However, arterial remodeling of pulmonary arteries in ΔdblGATA mice was reduced to levels similar to those found in IL-5-deficient mice treated with IL-33 ( Figure 3C ). We again quantified the extent of hypertrophy ( Figure  3D ). In WT mice, 24% of arteries were classified as Grade 1, 13% were Grade 2, and 50% were Grade 3, whereas in ΔdblGATA mice, 35% of arteries were classified as Grade 1, 15% were Grade 2, and 13% were Grade 3. This confirms that eosinophils act as effector cells. These results support the idea that IL-5-producing ILC2s, not IL-5-producing Th2 cells, were responsible for the recruitment of eosinophils that have active roles in the development of arterial hypertrophy.
A vasodilator effectively reduced IL-33-mediated arterial hypertrophy and directly suppressed expansion of ILC2. In order to investigate the possible treatment for arterial hypertrophy, we first examined the effect of anti-IL-5 antibodies. Neutralization of IL-5 with an anti-IL-5 monoclonal antibody was shown to reduce arterial hypertrophy, confirming that transient inhibition was sufficient to suppress the development of arterial hypertrophy (Figure 4, A and B) . Vasodilators -including iloprost, an analogue of prostacyclin -are used clinically to treat pulmonary arterial hypertension (PAH). In order to verify our In IL-33-induced arterial hypertrophy, ILC2s that produce IL-5 and eosinophils play critical roles in the development of pulmonary arterial hypertrophy; therefore, the effect of iloprost on ILC2 proliferation and eosinophil accumulation were examined ( Figure 5 ). The expansion of ILC2 by IL-33 administration and concomitant eosinophil recruitment were significantly decreased in mice treated with iloprost (Figure 5, A-D) . We next examined the possibility that iloprost directly influences ILC2 proliferation. ILC2s were sorted from mice treated with PBS or IL-33, and mRNA expression of the prostaglandin I2 receptor (IP) was analyzed ( Figure 5E ). Although IL-33 downregulated the expression of IP in ILC2s, IP was still expressed in ILC2s in these conditions. Sorted ILC2s were then labeled with CFSE and cultured in the presence or absence of iloprost ( Figure 5F ). A greater percentage of cells cultured in the presence of iloprost remained bound to CFSE compared with those cultured in the absence of iloprost, demonstrating that iloprost was directly responsible for suppressing ILC2 proliferation.
Prolonged Figure 5, A and B) . In comparison with the group that received 3 weekly injections ( Figure 2C ), perivascular Venus + cells were rarely detected at this stage, and eosinophils were remarkably decreased ( Figure 6A ). One possible explanation for the reduced effect of IL-33 is the increased serum levels of soluble ST2, which neutralizes IL-33 activity. We therefore measured the levels of serum soluble ST2 in mice treated with IL-33 and observed elevated serum soluble ST2 in these mice ( Figure 6B ). These results suggest that the ILC2-eosinophil system is specifically involved in the early developmental stages of arterial hypertrophy. We finally investigated the impact of IL-33 treatment on right ventricular hypertrophy, which is one of the characteristics of pulmonary hypertension. ratios, whereas that increase was not found in Il5 V/V mice. The absolute weight of RV was increased in IL-5 +/+ mice with chronic IL-33 treatment, although it did not reach statistical significance ( Figure 6D ).
Discussion
In this study, we investigated the consequences of chronic administration of IL-33 and discovered an important mechanism that initiates pulmonary arterial remodeling. IL-5-producing ILC2s were found to be key factors for recruiting eosinophils to pulmonary arteries, resulting in severe arterial hypertrophy. We thus propose a new mechanism of arterial hypertrophy and predict that our study will help link chronic inflammation, in which IL-33 is involved, to the development of pulmonary arterial hypertrophy. There is increasing experimental evidence that allergic conditions and eosinophilia are involved in the induction of arterial remodeling. In animals, persistent pulmonary allergic responses induced by house dust mite extract or ovalbumin (OVA) have been shown to trigger arterial remodeling (22, 23) . Consistent with our results, IL-5 and eosinophils were shown to be key players in the hypertrophy of pulmonary arteries in an OVAinduced pulmonary hypertension model by means of adiponectin-deficient animals (24) . In the study (24) , eosinophil granule extracts promoted proliferation of smooth muscle cells. The granules released by eosinophils surrounding the arteries might have a role in arterial hypertrophy induced by IL-33. In addition, experimental Schistosoma mansoni infection can induce arterial hypertrophy (25, 26) . In studies of schistosomiasis, Th2 cytokines, including IL-4 and IL-13, or eosinophils were suggested to be involved in induction of arterial hypertrophy. Although IL-33 was not directly measured in all of the relevant studies, these reports support the present finding that IL-33 is a critical mediator of pulmonary arterial hypertrophy. In addition to IL-33, IL-25 may induce arterial hypertrophy, as they both activate ILC2s, leading to eosinophilia (7, 27) . Overexpression of IL-25 results in perivascular eosinophilia and mild vascular hypertrophy, accompanied with airway inflammation (28) . However, arterial hypertrophy is unlikely to be initiated solely by IL-5 or eosinophilia, since blood vessels in the lungs of IL-5 transgenic mice appear to be unaffected (29) . This suggests that IL-33 activates other key pathways, in addition to the ILC2/eosinophil axis, to develop pulmonary vascular remodeling.
PAH is characterized by severe obstruction of small pulmonary arteries and concomitant high pulmonary artery pressure, leading to progressive right ventricular failure. Accumulating evidence suggests that inflammation is a key factor in inducing PAH (30) . Inflammation is likely mediated by immune cells, as they are often associated with arterial blood vessel lesions (31) . Studies of several animal models of human PAH, including monocrotaline-(32) and hypoxia-induced (33) models, also support the hypothesis that immune cells and inflammation are involved in PAH. The development of PAH is commonly associated with connective tissue diseases, including systemic sclerosis and systemic lupus erythematosus (34) (35) (36) . Interestingly, serum levels of IL-33 are increased in these diseases (17, 18) . Circulating IL-33 is likely to reach the lung tissue, and it ultimately leads to arterial hypertrophy, which is consistent with our observation of arterial hypertrophy following systemic IL-33 administration. More directly, serum levels of soluble ST2 in patients with PAH were found to be significantly elevated (37) . The increased soluble ST2 levels may have resulted from enhanced IL-33 secretion during the early stages of development of PAH in patients. This hypothesis is supported by our results demonstrating that long-term IL-33 treatment leads to upregulation of serum soluble ST2. +/+ or Il5 V/V mice treated with 11 weekly injections of PBS or IL-33 (n = 6). The right ventricular free wall (RV) and the left ventricle plus septum (LV + S) were weighted, and the degree of hypertrophy is shown as RV/(LV + S) ratios (C) and the absolute RV weight (D). Graph data are shown as means ± SD. P values were calculated using one-way ANOVA with Bonferroni test. Asterisks indicate statistical significance (*P < 0.05; **P < 0.01).
The cell type that produces the pertinent Th2 cytokines in Th2-induced arterial hypertrophy remains unclear. In OVA-or Aspergillus fumigatus antigen-induced pulmonary arterial remodeling, CD4 + T lymphocytes have been demonstrated to play a major role in the initiation of arterial hypertrophy, and Th2 cytokines are most likely produced by antigen-specific T lymphocytes (38) . However, in this study, IL-33-induced arterial hypertrophy was observed in Rag2-deficient mice. Consistent with our results, athymic rats can develop PAH (39, 40) . Thus, in experimental arterial hypertrophy mediated by Th2 immune responses, there are at least two pathways: T cell dependent and T cell independent. These pathways may cooperate with or compensate for each other to induce pulmonary arterial hypertrophy, as reported previously in allergic inflammation (41) .
Since ILC2s were identified, extensive studies have been conducted on regulatory molecules required for ILC2 cell biology (42) . Although stimuli such as IL-25 and IL-33 have been well characterized, inhibitory molecules are relatively lesser known. We and others have demonstrated that IFN-γ signaling negatively regulated IL-5 and IL-13 production from ILC2s and their proliferation (43) (44) (45) . Lipoxin A 4 , derived from arachidonic acid, also inhibits IL-13 production from human ILC2s (46) . A recent publication reported that an analogue of prostacyclin inhibited IL-33-induced IL-5 and IL-13 production from both mouse and human ILC2s (47) . Consistently, our study also indicates prostacyclin as an inhibitory regulator because iloprost directly suppressed ILC2 proliferation. As demonstrated in the report (47) , IP-mediated signaling could be a new target for regulating ILC2s in the treatment of allergic diseases.
Our study reveals a previously unrecognized role of ILC2s in pulmonary arterial hypertrophy, and understanding IL-33-induced arterial hypertrophy will provide useful information about the development of pulmonary arterial hypertrophy, possibly leading to PAH.
Methods
Mice. C57BL/6 WT mice were purchased from Japan SLC. IL-5/Venus knock-in mice were generated as previously reported (3). Rag2-deficient mice (48) were provided by Frederick W. Alt (Howard Hughes Medical Institute, Children's Hospital Boston, Department of Genetics, Harvard Medical School, Boston, Massachusetts, USA). ΔdblGATA mice (49) were obtained from The Jackson Laboratory. These genetically engineered mice were backcrossed at least 10 generations to C57BL/6 mice. All mice were maintained under specific pathogen-free conditions in the animal facility of the University of Toyama. Mice used were male and 7-11 weeks of age. For systemic administration of IL-33 (R&D Systems), mice were i.p. injected with 400 ng of recombinant IL-33 on days 0, 7, and 14, and were euthanized on day 21. In some experiments, IL-33 (400 ng) was injected i.p. at weekly intervals for 11 consecutive weeks. To neutralize IL-5, a single bolus of 100 μg of anti-IL-5 mAb (NC17) (50, 51) or a control rat IgG antibody (Sigma-Aldrich) was i.p. administered for 3 consecutive days before and at each weekly IL-33 administration (days -2, -1, 0, 5, 6, 7, 12, 13, and 14) . A 2 μg dose of iloprost (Cayman Chemical) was intratracheally administered on days 0, 7, and 14 during systemic administration of IL-33.
Preparation of lung cells. Lungs were perfused with 5 ml PBS, harvested, and all lobes were minced in 1 ml of RPMI-1640 (Invitrogen) with 10% FBS in the presence of 1 mg/ml collagenase A (Roche Diagnostics) and 100 μg/ml DNase I (Sigma-Aldrich). After incubation for 1 hour at 37°C in a CO 2 incubator, minced lungs were mashed on a 70 μm nylon mesh (BD Biosciences) with a plunger, resulting in a lung cell suspension.
Antibodies and reagents for flow cytometry and immunofluorescent histology. Antibodies used for flow cytometry included the following: anti-mouse B220 (catalog 561878), CD11c (catalog 561044), CD19 (catalog 561736), CD45 (catalog 561868), Gr-1 (catalog 561084), and Siglec-F (catalog 562068) purchased from BD Biosciences; CD3ε (catalog 12-0031-81), CD25 (catalog 17-0251-81), FcεRIα (catalog 12-5898-81), Mac-1 (catalog 12-0112-81), and TER-119 (catalog 12-5921-81) purchased from eBioscience; CD49b (catalog 108907) and NK1.1 (catalog 108707) purchased from BioLegend; and ST2 (catalog 101001B) purchased from MD Bioscience. FcγRs were blocked with anti-mouse FcγR (catalog 553141, BD Biosciences). Lineage markers were stained with a cocktail of antibodies for mice, including B220, CD3ε, CD11c, CD19, CD49b, FcεRIα, Gr-1, Mac-1, NK1.1, and TER-119. Flow cytometry was performed on a FACSCanto II (BD Biosciences). Dead cells were gated out by 7-AAD staining (BD Biosciences). FlowJo software was used for analysis. The antibodies used for immunofluorescent histology included anti-mouse Siglec-F (catalog 562680) purchased from BD Biosciences and anti-SMA (catalog ab184675 or ab8207) purchased from Abcam. Polyclonal rabbit anti-GFP antibodies (catalog 598) were purchased from Medical & Biological insight.jci.org doi:10.1172/jci.insight.90721
Laboratories. Unlabeled primary antibodies were visualized with secondary anti-rabbit IgG conjugated with Alexa 488 or 568 (catalog A-11034 or A-11011, respectively, Invitrogen), or anti-mouse IgG conjugated with Alexa 568 (catalog A-11004, Invitrogen). Hoechst 33342 (Invitrogen) was used to stain nuclei.
IHC. For immunofluorescent histology, lungs were fixed with 4% paraformaldehyde, embedded in OCT compound (Sakura Finetek), and frozen at -80˚C. Frozen samples were cut into 30-μm slices using a cryostat (Leica Microsystems). Sections were incubated with TSA blocking reagent (PerkinElmer), washed, and incubated with primary antibodies at the respective manufacturer's recommended concentration overnight at 4˚C. Subsequently, sections were washed and incubated with secondary antibodies. Finally, samples were mounted in Fluoromount (Diagnostic BioSystems). Individual fluorescent images were acquired using a TCS SP5 confocal microscope and imaging system (Leica Microsystems), and trimmed and overlaid with Photoshop software (Adobe Systems). For H&E and Elastica van Gieson (EVG) staining, lungs were fixed with 4% paraformaldehyde and embedded in paraffin. Samples were cut into 4-μm slices using a microtome (Sakura Finetek). After deparaffinization, sections were processed for staining. Images were acquired using a D-33E digital camera (Olympus).
Cell sorting and culture. Lung cells were harvested from WT mice administered with IL-33 or PBS for 3 consecutive days. Whole cells were gated on CD45 + cells, and Lin -CD25 + cells were sorted as ILC2s. Sorting purity (mean ± SD) for PBS-or IL-33-treated ILC2s were 98.2% ± 1.6% or 98.6% ± 1.2%, respectively. For cell culture, RPMI-1640 medium supplemented with 10% FBS, 50 μM 2-mercaptoethanol (Life Technologies), 100 U/ml penicillin (Life Technologies), and 100 μg/ml streptomycin (Life Technologies) was used. Sorted ILC2s were labeled with CFSE, and 20,000 cells per well were cultured in the presence of IL-33 (10 ng/ml) for 6 days. Flow cytometric analysis was performed on day 7.
Real time PCR. Total RNA from sorted ILC2s was purified using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using the High Capacity RNA-to-cDNA Kit (Applied Biosystems) and prepared for real time PCR using the Applied Biosystems StepOne Plus Real Time PCR System. Taqman primers and probes for Gapdh (Mm99999915_g1) and Ptgir (IP) (Mm00801939m1) were purchased from Applied Biosystems.
ELISA. Levels of serum soluble ST2 in plasma were measured using a mouse ST2 ELISA kit (R&D Systems). Plasma was collected from WT mice, treated with PBS or IL-33 eleven times at weekly intervals.
Statistics. P values were calculated using the two-tailed Student's t test or Graphpad Prism 6 software for multiple comparisons.
Study approval. All experiments were approved by the Animal Experiment Committee of the University of Toyama and performed in accordance with the Guidelines for the Care and Use of Laboratory Animal of the University of Toyama.
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